analysis focuses on layer 5 neurons, which express Otx1
at the highest levels (Frantz et al., 1994b) . Otx1 is extracer FluoroGold were placed into the superior colliculus, pons, or contralateral cortex of postnatal day (P) 16 pressed in a subset of neurons in layer 5, which is known to contain projection neurons with two discrete patterns rats. At P24, injections into the colliculus or pons labeled projection neurons exclusively in layer 5, whereas cortiof axonal connectivity: one set projects subcortically to targets that include the superior colliculus and pons, cal injections labeled neurons predominantly in layers 2/3 and 5, as described previously (O'Leary and Stanfield, while the other extends axons across the corpus callosum to the contralateral hemisphere (O'Leary and Stan-1985) . Immunohistochemistry for Otx1 overlapped extensively with FluoroGold staining in animals that refield, 1985; Koester and O'Leary, 1993; Kasper et al., 1994) . Our studies reveal that Otx1 is expressed selecceived subcortical tracer injections ( Figure 1B ), but in no case did a callosally projecting neuron express Otx1 tively in layer 5 neurons with subcortical axonal projections and that Otx1 is required for the emergence during ( Figure 1C ). After injections into colliculus or pons, 38%-50% of retrogradely labeled neurons were immunoposidevelopment of their normal pattern of connectivity.
tive for Otx1 (Table 1) . In contrast, cells labeled from the contralateral hemisphere never showed Otx1 staining, Results even after tracer injections at much earlier ages (E19 or P2; Table 1 ). Otx1 is thus expressed selectively by Otx1 Protein Is Expressed by Subcortically but Not subcortical projection neurons in layer 5.
Cortically Projecting Neurons in Layer 5
To ascertain whether Otx1 is expressed selectively by layer 5 neurons that extend subcortical versus callosal
Regulated Translocation of Otx1 Protein from Cytoplasm to Nucleus during Development axons, we combined retrograde labeling techniques with antibody staining for Otx1 protein. A monoclonal
The presence of Otx1 in a subset of neurons defined by their projection pattern suggests several possible antibody was generated against a bacterially expressed, truncated Otx1 protein that lacked the conserved N-terfunctions for Otx1 in development. Otx1 might play a role in the initial determination of a deep-layer fate, the minal homeodomain. This antibody recognized a single band on a Western blot corresponding to the 40 kDa choice to form a subcortical axonal projection, axonal pathfinding, the recognition of subcortical targets, or the Otx1 protein ( Figure 1A) . Injections of the retrograde (Figure 2A ). The design a transcription factor can be mediated by translocation of the Otx1 targeting construct should have precluded between the cytoplasm and cell nucleus (e.g., Liou and transcription of the third exon of Otx1, but in situ hybridBaltimore, 1993), we examined the subcellular localizaization using probes to this exon revealed the presence tion of Otx1 at times that correlate with the events listed of transcript in the mutant cortex ( Figure 2C H-leucine were made into both eyes of adult control guishable in control and mutant mice; both showed a strong boundary of gene expression at the caudal limit and mutant mice. In all mice examined, labeled terminals were strictly confined to the superficial layers of the of the superior colliculus ( Figures 5A and 5B ). In addition, the expression of er81 and ROR␤, which are also exsuperior colliculus ( Figures 5C and 5D ). Retinal axons did not mistakenly innervate the inferior colliculi of mupressed in distinct patterns in the two colliculi, were similar in controls and mutants (not shown). tant mice as might be expected were this structure abnormally specified. Collectively these data suggest that To ascertain whether the midbrain can pattern other (Table 1) . If Otx1 acts cell autonobe that the visual cortical identities of these neurons were not specified properly. We believe this is not the mously, only Otx1-expressing neurons would be expected to show defects in axon pruning. Indeed, in Otx1 case because callosal and thalamic projections in mutant animals were appropriate for visual cortex, indicatmutant mice, the density of neurons with spinal axons differed between areas that normally eliminate their spiing that areal determination has proceeded normally. These results suggest that Otx1 regulates axonal refinenal projection and those that do not. In somatomotor cortex, which normally maintains a spinal projection ment through a mechanism directly related to the process of pruning.
(O'Leary and Koester, 1993), retrogradely labeled neurons were large and densely packed ( Figure 7A ). In ocAlthough our study was confined to the distribution of visual subcortical projections, we predict that the cipital cortex of Otx1 mutants, in contrast, the density of labeled neurons was about a third of that in somatorefinement of layer 5 connections from other regions of cortex is also affected in Otx1 mutant mice. These motor regions, and these were noticeably smaller in size ( Figure 7C teractions with the machinery for nuclear import or exmight begin to express receptors that subsequently meport. The yeast transcription factor Pho4 can be phosdiate axon withdrawal from the repellant region. We have phorylated by a cyclin-dependent kinase, which triggers compared the expression of the EphA class of ephrin Pho4 export from the nucleus and its accumulation in receptors between wild-type and Otx1 mutant mice on the cytoplasm (Kaffman et al., 1998). P6 and P10, but observed no differences in receptor Although we do not know how Otx1 is triggered to expression by in situ hybridization (not shown), sugaccumulate the nucleus of layer 5 neurons, two lines of gesting that the EphA receptors are not critical for subevidence suggest that Otx1 is sequestered actively in cortical axon refinement. EphB family members and rethe cytoplasm prior to nuclear import. First, the sea ceptors for semaphorins remain viable candidates for urchin homolog of Otx (SpOtx) is found in the cytoplasm regulating this process.
during early development and only later is translocated These hypotheses focus on a role for Otx1 in regulatinto cell nuclei (Chuang et al., 1996). Two-hybrid analysis ing the transcription of target genes involved directly in has revealed that SpOtx can bind to ␣-actinin, sugthe process of axon elimination. There are, however, gesting that the protein may be anchored to the cyother possibilities. Neuronal activity plays an important toskeleton prior to nuclear import (Chuang et al., 1996). role in refining exuberant connections between the two Preliminary studies suggest that this mechanism may be cerebral hemispheres. The final pattern of callosal consimilar in mammals: Otx1-GFP fusion proteins localize nectivity is altered in Siamese cats, which have an abnormal cortical representation of the vertical midline efficiently to nuclei in nonneuronal and neuronal cell
